Introduction {#s1}
============

Sarcopenia is characterized by the age-related loss (atrophy) of muscle mass and strength in humans^[@r1]^, and is associated with increased risks of falls and fractures, immobility, disabilities, metabolic disorders, poor quality of life and mortality^[@r2]^. Approximately 10% of elderly persons over 60 years of age have low muscle mass, with the prevalence increasing to as high as 50% in persons over the age of 80 years^[@r3],[@r4]^. Normal aging is associated with an approximately 1% loss of muscle from 30 years of age and the loss tends to accelerate after the age of 70 years^[@r5]^. Worldwide, the population aged over 60 years is predicted to rise from 841 million in 2013 to more than 2 billion by 2050^[@r6]^, therefore, sarcopenia will become an increasingly important public health concern, especially in a "super-aging society" such as Japan. The increased interest in sarcopenia is clearly seen by the increasing number of reports on sarcopenia published in recent years^[@r7]^.

The etiology of age-related sarcopenia has been reported to be multifactorial and includes aging, disease, inflammation, increased oxidative stress, reduced physical activity, malnutrition, hormone deficiencies, muscle structural changes, and motor unit remodeling^[@r8]^. There is a lack of specific therapeutic approaches except for nutrition and physical activity, which often lead to only limited benefit^[@r9]^. Loss of muscle proteins, resulting from an imbalance between protein synthesis and breakdown, appears to be a contributing factor to sarcopenia^[@r8]^.

"Primary sarcopenia" is defined as being age related^[@r1]^. "Secondary sarcopenia" is one of sarcopenia induced by factors other than aging itself ^[@r1]^. Secondary sarcopenia can be further divided into 1) activity-related, 2) disease-related and 3) nutrition-related^[@r1]^. Primary sarcopenia is generally an inevitable consequence of aging. On the other hand, secondary sarcopenia can be reversible by treating the underlying condition. Aging is associated with an increase in prevalence of diabetes. In older adults, type 2 diabetes is associated with accelerated loss of leg muscle strength and quality^[@r10]^. Oxidative stress, mitochondrial dysfunction, subclinical inflammation and insulin resistance are considered to be possible factors in development of both sarcopenia and diabetes^[@r9],[@r10],[@r11]^. The mechanism of diabetes-related sarcopenia has not been fully clarified due to the complexity of multiple factors; however, it shares the same factors in terms of progression as age-related sarcopenia^[@r11],[@r12]^. Therefore, it is useful to elucidate the mechanism of sarcopenia associated with metabolic disorders including diabetes for the better understanding of sarcopenia with aging^[@r13]^.

There have been many reports of diabetes animal models investigating the relationship between diabetes and skeletal muscle^[@r14],[@r15],[@r16],[@r17]^. Muscle atrophy in type 1 diabetes has been well investigated using streptozotocin (STZ)-induced rodent models. STZ-induced diabetes animals show rapid muscle atrophy with muscle proteasomal protein degradation^[@r17]^. Muscle atrophy in type 2 diabetic rodent models is less consistent in terms of changes in muscle mass between animal models. Several type 2 diabetic rodent models exhibit no change or mild decreases in muscle size (high-fat diet model, muscle insulin receptor knockout mice, insulin receptor substrate (IRS)-1 knockout mice)^[@r18],[@r19]^, whereas several models demonstrate severely reduced muscle size (leptin deficient mice (ob/ob), leptin receptor deficient mice (db/db), muscle specific IRS-1/IRS-2 knockout mice, obese Zucker rats)^[@r20],[@r21]^. The most detailed rodent studies of type 2 diabetic muscle atrophy have focused on the ob/ob and db/db mouse models. In the study of db/db mice, insulin resistance accelerated muscle protein degradation by activation of the ubiquitin-proteasome pathway via defects in muscle cell signaling^[@r21]^.

The Spontaneously Diabetic Torii (SDT) fatty rat, established by introducing the *fa* allele of the Zucker fatty rat into the SDT rat genome, is a model of obesity/type 2 diabetes^[@r22]^. SDT fatty rats show hyperglycemia as early as 6 weeks of age and survive without insulin therapy^[@r23]^. Therefore, they develop various diabetic complications including nephropathy, retinopathy and peripheral neuropathy^[@r23],[@r24],[@r25],[@r26]^. On the other hand, there have been no reports of the pathophysiology of the skeletal muscle in the SDT fatty rat. As SDT fatty rats have severe metabolic disorders including hyperglycemia and hyperlipidemia, they were expected to show pathological changes in the skeletal muscle associated with diabetes. In the present study, we investigated the pathophysiological characteristics of the skeletal muscle of the SDT fatty rats in the progression of metabolic disorders. Muscle weight, cross-sectional muscle fiber area, intramyocellular lipid, muscular strength, and muscle protein synthesis and degradation markers were chronologically examined in SDT fatty rats.

Materials and Methods {#s2}
=====================

Animals
-------

Thirty male SDT fatty (SDT.Cg-*Lepr^fa^*/JttJcl) rats (n=6/group/age) and 25 age-matched Sprague Dawley (SD:Jcl) rats (n=5/group/age) were purchased from CLEA Japan, Inc. (Tokyo, Japan). Five or 6 animals in each strain were used for examination of biochemical parameters and necropsy/tissue sampling at 8, 16, 24, 32 and 40 weeks of age. SD rats were used as normal control animals. SD rats are considered to be appropriate normal control animals for studies of SDT fatty rats because SDT fatty rats were established from SDT rats, which represent an inbred strain of SD rat. There have been several reports of SDT fatty rats using SD rats as the normal control animal. The rats were housed in a climate-controlled room with a temperature of 23 ± 3°C, humidity of 55 ± 15%, and a 12-h lighting cycle. A basal diet (CRF-1, Charles River Laboratories Japan, Yokohama, Japan) and water were provided *ad libitum*. All animal protocols used in the study were in strict compliance with our own Laboratory Guidelines for Animal Experimentation and were approved by the Institutional Animal Care and Use Committee of Central Pharmaceutical Research Institute, Japan Tobacco Inc.

Body weight and biochemical parameters
--------------------------------------

Body weights and biochemical parameters including serum glucose, triglyceride (TG), total cholesterol (TC), insulin and plasma insulin-like growth factor (IGF)-1 were examined from 8 to 40 weeks of age at 4-week intervals in the non-fasting state. All the parameters were obtained from animals in each age group (n=5 or 6). Blood samples were collected from the tail vein of animals. Serum glucose, TG and TC levels were measured using commercial kits (Roche Diagnostics, Basel, Switzerland) and an automatic analyzer (Hitachi 7180, Hitachi, Tokyo, Japan). Serum insulin levels were measured with a rat insulin ELISA kit (Morinaga Institute of Biological Science, Yokohama, Japan). Plasma IGF-1 levels were measured with a Mouse/Rat IGF-I Quantikine ELISA Kit (Bio-Techne Ltd., Abingdon, UK).

Tissue sampling, skeletal muscle weight and pathological analyses
-----------------------------------------------------------------

Necropsy was performed at 8, 16, 24, 32 and 40 weeks of age. All the animals were sacrificed by exsanguination under isoflurane anesthesia. Soleus and extensor digitorum longus (EDL) muscles were removed from hindlimbs and weighted. The soleus and EDL were chosen as a slow-twitch type I fiber muscle and fast-twitch type II fiber muscle, respectively, because they are commonly used for research of skeletal muscle in rodents. Muscle mass was evaluated by the muscle weight. The muscle tissues were frozen in isopentane cooled in liquid nitrogen for cryosections for histochemistry, fixed with 4% paraformaldehyde (PFA) for hematoxylin and eosin staining and immunohistochemistry or fixed with 1.25% glutaraldehyde/2% PFA for transmission electron microscopy. Frozen tissues were stored at −80°C until processed.

Morphometric analysis by histochemistry for NADH-TR
---------------------------------------------------

The frozen sections were incubated for the nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR) assay. NADH-TR is the mitochondrial enzyme NADH-dehydrogenase which transfers electrons to the colorless, soluble tetrazolium salt and converts it into an insoluble formazan compound. In this reaction, the intermyofibrillar matrix is stained and fiber types (I and II) can be distinguished. Classification of the cross-sectional fiber types was performed according to the staining intensities of NADH-TR. Dark fibers with NADH-TR were identified as type I fibers and pale/light fibers with NADH-TR were identified as type IIb fibers. Type IIa fibers were also observed with an intermediate level of intensity with NADH-TR but were not estimated in this study. Cross-sectional areas (shown in μm^2^) of the soleus (mainly composed of type I fiber) and the type I and type IIb fibers in the EDL were measured for 50 fibers/animals and compared with those of SD rats. For morphometric analysis, tissue images were obtained at ×400 using the cellSens Standard imaging software (Olympus, Tokyo, Japan).

Immunohistochemistry for adipophilin
------------------------------------

Immunohistochemical staining was performed for detection of intramyocellular lipid (IMCL) by using anti-adipophilin antibody (BP5012, Acris Antibodies Inc., Herford, Germany). Four-micrometer paraffin-embedded tissue sections were immersed in Hist VT One (10x, pH 7.0) (Nacalai Tesque, Inc., Kyoto, Japan) and microwaved at 170 W for 10 min to retrieve antigens. All slides were rinsed with 0.01 M phosphate buffered saline. The primary antibody (diluted 1:100 in 1% bovine serum albumin (BSA) in PBS) was labeled by using the secondary antibody conjugated with horseradish peroxidase (106-005-003, Goat Anti-Guinea Pig IgG, Jackson ImmunoResearch, Inc., Jennersville, PA, USA). The reaction products were visualized with 3,3′-diaminobenzidine tetrahydrochloride. A negative (1% BSA in PBS) control was also set.

Transmission electron microscopy
--------------------------------

Tissue specimens of the skeletal muscles from SDT fatty rats at 40 weeks of age were postfixed in phosphate buffered 2% osmic acid, dehydrated in a series of alcohol solutions and embedded in resin in accordance with the Quetol embedding method. Resin-embedded semi-thin sections stained with toluidine blue were prepared and were examined microscopically in order to determine the areas for ultrathin sectioning. Ultrathin sections stained with uranyl acetate and lead acetate were photographed by a transmission electron microscopy (H-7700 electron microscope, Hitachi High-Technologies Corp., Tokyo, Japan) and were examined ultrastructurally.

Quantification of mRNA Atrogin-1 and Murf-1 of muscle tissues with real-time quantitative PCR
---------------------------------------------------------------------------------------------

Total RNA was extracted from the EDL muscles of all the animals for each age at necropsy. RNA was transcribed into cDNA using M-MLV reverse transcriptase and random primers (Invitrogen, Carlsbad, CA, USA). The reaction mixture was incubated for 10 min at 25°C, 1 h at 37°C and 5 min at 95°C. Real-time PCR quantification was performed in a 25-μl reaction mixture with an automated sequence detector combined with the ABI Prism 7700 Sequence Detection System software (Applied Biosystems, Foster City, CA, USA). The reaction mixture contained 100 ng of synthesized cDNA, 3.5 mM MgCl~2~, 0.3 μM primers, 0.1 μM probes and 1.25 units of AmpliTaq Gold (Life Technologies, Carlsbad, CA, USA). The cycle parameters were 10 min at 95°C, followed by 40 cycles of 15 sec at 95°C and 60 sec at 60°C. Expression was normalized by an endogenous control (β-actin). Primer and probe sets for Atrogin-1 (ID: Rn00590197_m1), Murf-1 (ID: Rn00591730_m1), and β-actin (ID: 4352341E) were obtained from Applied Biosystems (Foster City, CA, USA).

Forelimb grip strength test for muscle strength
-----------------------------------------------

The forelimb grip strength test is a commonly used method for evaluating of muscle strength in experimental animals^[@r27]^. In this study, an additional examination of muscle strength was conducted using a Grip Strength Meter (GPM-100B, Melquest, Toyama, Japan) to evaluate muscle function of SDT fatty rats. This examination was not planned in the original protocol; therefore, additional animals were prepared separate from the main experimental group. From a perspective of animal welfare, the measurement points were set only at 8, 24 and 40 weeks of age (n=5--6/age group). Similarly, age-matched SD rats were also prepared as a normal control (n=5/age group).

Statistical analysis
--------------------

The results of the biological parameters were expressed as the mean ± standard deviation (SD). Statistical analysis of differences between mean values was performed using the F-test, followed by Student's *t*-test or Aspin-Welch's *t*-test. Differences were considered significant at P\<0.05.

Results {#s3}
=======

Body weights and biochemical parameters
---------------------------------------

SD rats showed age-dependent increases in body weight up to 40 weeks of age. In SDT fatty rats, the mean body weight was 23% higher than that of SD rats at 8 weeks of age, but was lower than that of SD rats from 16 weeks of age thereafter ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Body weight and biochemical parameters. Body weight (A), serum glucose (B), triglyceride (C), total cholesterol (D), insulin (E) and plasma IGF-1 (F) levels. \*p\<0.05 (*[t]{.ul}*-test); \*\*p\<0.01 (*t*-test).). At the end of the experimental period, the mean body weight of the SDT fatty rats was approximately half that of the SD rats. Serum glucose, TG and TC levels in the SDT fatty rats were already significantly higher than those in the SD rats at 8 weeks of age ([Fig. 1B--D](#fig_001){ref-type="fig"}). Serum insulin levels of SDT fatty rats were markedly higher at 8 weeks of age and were sharply decreased from 16 weeks of age ([Fig. 1E](#fig_001){ref-type="fig"}). Plasma IGF-1 levels were comparable between SDT fatty and SD rats up to 16 weeks of age. IGF-1 levels in the SDT fatty rats were significantly decreased at 24 weeks of age and thereafter ([Fig. 1F](#fig_001){ref-type="fig"}). The IGF-1 levels in the SDT fatty rats decreased by approximately 50% from 8 weeks of age to 24 and by approximately 75% from 8 weeks of age to 40 weeks of age, respectively. Impaired glucose/lipid metabolism of SDT fatty rats is associated with hyperphagia via an induced disorder of leptin action. Food consumption of male SDT fatty rats was twice as high as that of control rats at 6 weeks of age and higher food intake was consistent until 32 weeks of age ^[@r23]^. Similarly in this study, hyperphagia was observed in SDT fatty rats compared with SD rats from 8 weeks of age (data not shown).

Skeletal muscle weight (muscle mass)
------------------------------------

Muscle weights of the soleus and EDL were significantly lower in the SDT fatty rats than those in the SD rats from 16 weeks of age ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Weights of skeletal muscles. Soleus weight (A) and EDL weight (B). \*p\<0.05 (*t*-test); \*\*p\<0.01 (*t*-test).). Muscle weights (absolute/relative (per BW)) of SDT fatty rats at 16 weeks of age were 39.4%/29.7% lower in the soleus and 57.5%/50.6% lower in the EDL than those of SD rats. SD rats showed age-dependent increases in the weights of both muscles (approximately 2 times higher) between 8 and 40 weeks of age. On the other hand, the weights of both muscles in SDT fatty rats were almost constant from 8 weeks to 40 weeks of age.

Cross-sectional area of muscle fibers
-------------------------------------

Morphometrical analysis of the histochemistry for NADH-TR revealed that the cross-sectional area of the skeletal muscle fibers of the SDT fatty rats was significantly lower than that of the SD rats from 24 weeks of age ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Cross section of soleus muscle with histochemistry for NADH-TR. (A) and (C): SD rats at 8 and 40 weeks of age, respectively. (B) and (D): SDT fatty rats at 8 and 40 weeks of age, respectively. Bar = 50 μm. NADH-TR., [4](#fig_004){ref-type="fig"}Fig. 4.Morphometric analysis of cross-sectional fiber area in the soleus by histochemistry for NADH-TR. The mean cross-sectional area of the soleus muscle fibers (predominantly type I fibers). \*p\<0.05 (*t*-test)., [5](#fig_005){ref-type="fig"}Fig. 5.Cross section of EDL muscle with histochemistry for NADH-TR. (A) and (C): SD rats at 8 and 40 weeks of age, respectively. (B) and (D): SDT fatty rats at 8 and 40 weeks of age, respectively. Bar = 50 μm. NADH-TR., [6](#fig_006){ref-type="fig"} Fig. 6.Morphometric analysis of cross-sectional fiber area in the EDL by histochemistry for NADH-TR. Mean cross-sectional area of the type I fibers (A) and type IIb fibers (B). \*\*p\<0.01 (*t*-test).). The mean cross-sectional areas of the soleus muscle fibers (mainly composed of type I fiber) of the SDT fatty rats were 8.9%, 30.0%, 29.4%, 15.2% and 37.2% lower than those of the SD rats at 8, 16, 24, 32 and 40 weeks of age, respectively ([Fig. 4](#fig_004){ref-type="fig"}). There were no statistically significant differences in the mean cross-sectional area of the type I fibers in the EDL between SDT fatty and SD rats at each age ([Fig. 6A](#fig_006){ref-type="fig"}). On the contrary, the mean cross-sectional areas of the type IIb fibers in the EDL of the SDT fatty rats were 15.4%, 34.6%, 42.3%, 48.2% and 55.3% lower than those of SD rats at 8, 16, 24, 32 and 40 weeks of age, respectively ([Fig. 6B](#fig_006){ref-type="fig"}).

Intramyocellular lipid (IMCL) droplet accumulation and disrupted mitochondria
-----------------------------------------------------------------------------

Small vacuoles in the muscle fibers were increased in the soleus and EDL in the SDT fatty rats compared with the SD rats from 8 weeks of age. These vacuoles were identified as lipid droplets by immunohistochemistry for adipophilin, a marker of lipid protein ([Fig. 7](#fig_007){ref-type="fig"}Fig. 7.Micrographs of a cross section of EDL muscle with immunohistochemistry for adipophilin of an SD rat (A) and SDT fatty rat (B) at 40 weeks of age. Increased numbers of adipophilin-positive granules in the muscle fibers were observed in SDT fatty rats (arrowheads). Bar = 20 μm.). The numbers of muscle fibers containing vacuoles were increased in the SDT fatty rats on adipophilin immunohistochemistry. Intramuscular vacuoles were also observed in the SD rats but there were fewer numbers compared with in the SDT fatty rats. In longitudinal sections seen on electron microscopy, lipid droplets were characterized by low electron dense bodies located mainly close to intermyofibrillar mitochondria ([Fig. 8](#fig_008){ref-type="fig"}Fig. 8.Longitudinal electron micrographs of the EDL muscle of an SD rat (A) and SDT fatty rat (B) at 40 weeks of age. There were many intramyocellular lipid droplets between myofibrils closely adherent to mitochondria. Inset: high-power magnification of lipid droplets and intermyofibrillar mitochondria with disrupted internal structures. Bar = 2 μm.). There were some mitochondria showing disrupted internal structures.

mRNA levels of Atrogin-1 and Murf-1 in skeletal muscle
------------------------------------------------------

Messenger RNA levels of Atrogin-1 and Murf-1 in the EDL were examined for analysis of the protein degradation ([Fig. 9](#fig_009){ref-type="fig"}Fig. 9.mRNA expression of Atrogin-1 (A) and Murf-1 (B) in EDL muscle. \*p\<0.05 (*t*-test).). In this study, these proteolysis markers did not increase in SDT fatty rats at any of the ages examined. On the contrary, a significant decrease in Murf-1 mRNA levels was observed in the SDT fatty rats at 24 weeks of age ([Fig. 9B](#fig_009){ref-type="fig"}).

Muscle strength (forelimb grip strength test)
---------------------------------------------

There were no differences in mean score for the grip strength test between SD rats and SDT fatty rats at 8 weeks of age. Significant decreases in muscle strength were observed in the SDT fatty rats at 24 and 40 weeks of age ([Fig. 10](#fig_010){ref-type="fig"}Fig. 10.Muscle strength (forelimb grip test). \*\*p\<0.01 (*t*-test).). The mean scores for the muscle strength test in the SDT fatty rats were 32% and 38% lower at 24 and 40 weeks of age, respectively, compared with those of the SD rats.

Discussion {#s4}
==========

Sarcopenia in humans is known to be a progressive loss of muscle mass and strength^[@r1]^. It can be divided into "primary" and "secondary" sarcopenia. The term "primary" can be used when no other cause is evident except ageing itself, while "secondary" can be used when one or more other causes are evident ^[@r1]^. In normal rats, approximately 20 months of age is required for spontaneously occurring muscle atrophy^[@r28]^, therefore, it takes a great deal of time to investigate the mechanism of sarcopenia using normal animals. In the secondary sarcopenia, many chronic diseases can cause accelerated decrease of muscle mass and strength^[@r11]^. Older diabetic patients have lower muscle masses and weaker muscle strength^[@r10]^. Aging and diabetes are both risk factors for functional disability and are thought to share common underlying mechanisms of muscle atrophy^[@r11],[@r12]^. Therefore, it is considered to be important to elucidate the pathophysiology of secondary sarcopenia to better understand its mechanism and to detect the therapeutic target of diseases including primary sarcopenia as well as secondary sarcopenia.

The SDT fatty rat is an established model of obese type 2 diabetes mellitus. Serum glucose levels in SDT fatty rats are elevated from 6 weeks, and lipid parameters including serum triglyceride and total cholesterol levels are elevated from 4 weeks of age^[@r23]^. The male SDT fatty rats showed hyperinsulinemia from 4 to 8 weeks of age, but after 16 weeks insulin levels decreased to levels similar to those of lean rats^[@r23]^. The results for the biological parameters in this study were in accordance with previously published reports for SDT fatty rats^[@r23]^. Despite their higher body weights due to obesity and insulin resistance at 8 weeks of age (+23% vs SD rats), SDT fatty rats displayed lower muscle weights (−10% for the soleus and −34% for the EDL). The lower muscle weights in SDT fatty rats from 16 weeks of age corresponded with a smaller mean cross-sectional muscle fiber area compared with SD rats. In addition to lower muscle weights and fiber area, decreased plasma IGF-1 and muscle strength were also observed in SDT fatty rats at 24 weeks of age and thereafter compared with SD rats.

Skeletal muscle greatly contributes to glucose consumption, so insulin resistance in skeletal muscle results in systemic metabolic disturbance^[@r12]^. Type 2 diabetes-related metabolic disorders are further exacerbated by the marked loss of skeletal muscle mass^[@r28]^. Therefore, sarcopenia might be associated with increased insulin resistance in skeletal muscle^[@r28]^. A large number of reports on the physiology of skeletal muscle in humans with diabetes and experimental animal models revealed that skeletal muscle atrophy was associated with diabetes^[@r11],[@r14]^. SDT fatty rats developed marked hyperglycemia and impaired insulin sensitivity from a younger age, which was considered to negatively affect the development of the skeletal muscle.

Muscles are composed of different types of muscle cells (myofibers) that are classified as slow-twitch (type I) and fast-twitch (type II) fibers according to the mode of metabolism^[@r29]^. Slow-twitch fibers use aerobic (oxidative phosphorylation) respiration, whereas fast-twitch fibers utilize anaerobic metabolism (glycolysis)^[@r29]^. In age-related sarcopenia, the atrophy of glycolytic type IIb muscle fibers (relevant to insulin resistance) is more predominant than the loss of type I muscle fibers^[@r30]^. On the other hand, oxidative type I fibers are more commonly lost in obese individuals^[@r31]^. In this study, SDT fatty rats showed lower cross-sectional areas of soleus and EDL muscle fibers than those of SD rats. The magnitude of the decline in fiber size was larger in the EDL than that in the soleus, with type IIb fibers especially contributing to the difference. This tendency to decreased cross-sectional area of the muscle fibers in SDT fatty rats was similar to age-related sarcopenia.

The Insulin-IGF signaling pathway is known to be pivotal to skeletal muscle growth and maintenance^[@r9]^. Insulin increases protein anabolism and inhibits proteolysis in skeletal muscle. It has been reported that insulin treatment increases the skeletal muscle fiber area in patients with type 2 diabetes^[@r32]^. IGF-1 promotes protein synthesis and cell proliferation^[@r9]^. IGF-1 is reported to contribute to muscle regeneration via activation of the muscle satellite cells^[@r33]^. Previous research revealed that a 33% decrease in circulating IGF-1 and a 45% decline in skeletal muscle-derived IGF-1 mRNA are observed in older human males without particular serious disease (around 70 years of age) compared with younger (around 20 years of age) human males^[@r34]^. It was reported that serum IGF-1 was decreased in patients with diabetes and diabetic animals^[@r35],[@r36]^. SDT fatty rats showed hyperinsulinemia at 8 weeks of age; however, insulin levels sharply decreased from 16 weeks of age. Similarly, plasma IGF-1 levels markedly decreased from 24 weeks of age. An impaired insulin-IGF-1 signaling pathway is considered to contribute to lower muscle growth in SDT fatty rats.

Generally, normal testosterone levels are necessary for a range of developmental and biological processes, including maintenance of muscle mass^[@r37]^. Decreased testosterone levels are associated with progressive sarcopenia^[@r37]^. Plasma testosterone levels in male SDT fatty rats were reported to be lower as compared with those in SD rats at 8 and 24 weeks of age^[@r38]^. Decreased hormonal levels including not only IGF-1 levels but also blood testosterone levels might contribute to lower growth of skeletal muscles in SDT fatty rats.

IMCL droplets were identified in the SDT fatty rats by immunohistochemistry for adipophilin and electron microscopy. It has been reported that IMCL droplets were associated with increased insulin resistance in skeletal muscle fibers^[@r28]^. Adipophilin is essential for lipid storage in skeletal muscle by enhancing the division of excess fatty acids toward triglycerol storage in lipid droplets, leading to lipotoxicity-associated insulin resistance^[@r39]^. Furthermore, adipophilin expression also strongly correlates with decreased IGF-1 expression^[@r39]^. Therefore, the increase in IMCL droplets in the present study was considered to be related to the skeletal muscle loss of the SDT fatty rats. TEM examination also revealed disrupted internal structures of intermyofibrillar mitochondria in the skeletal muscles in SDT fatty rats. Mitochondria play an important role in regulation of glucose/insulin metabolism and maintenance of skeletal muscle quality^[@r12]^. Impaired mitochondrial function has been reported to underlie the development and progression of both sarcopenia and type 2 diabetes^[@r12]^. The abnormal morphological change of mitochondria noted in the skeletal muscle in SDT fatty rats was indicative of mitochondrial dysfunction and could possibly be associated with muscle atrophy leading to decreased muscle strength.

Atrogin-1 and Murf-1 are E3 ubiquitin ligases expressed in skeletal muscle and induce proteolysis^[@r40]^. It has been reported that both mRNA levels were increased when muscle atrophy occurred^[@r40]^. Increased expressions of both of these proteolysis markers were considered to be one of the factors of the muscle loss. It has also been reported that increased protein degradation in skeletal muscle was observed in obese Zucker rats with muscle loss^[@r15]^. In the present study, there were no significant increases in Atrogin-1 and Murf-1 mRNA levels in skeletal muscle (EDL) of the SDT fatty rats at any of the ages. On the contrary, Murf-1 mRNA levels in the EDL of SDT fatty rats were significantly decreased at 24 weeks of age. The decrease in Murf-1 gene expression was considered to be an adaptive response after severe decrease in protein synthesis factors including serum insulin and plasma IGF-1 at around 16 to 24 weeks of age. Impaired protein synthesis shown as a decreased IGF-1 level was considered to be more contributing to muscle atrophy in SDT fatty rats than proteolysis of skeletal muscle.

In humans, muscle strength is one of the important indicators of sarcopenia^[@r1]^ and decreases with age, particularly in the lower body and to a greater degree than a decrease in muscle mass^[@r41]^. Decreased handgrip strength has consistently been linked with poor health outcomes^[@r41]^ and has also been reported to be associated with type 2 diabetes and to be related to the severity of diabetes peripheral neuropathy^[@r11]^. Decreased muscle strength was observed in SDT fatty rats at 24 weeks of age in the forelimb grip test. Another study showed that SDT fatty rats had functional and pathological abnormalities in somatic and autonomic nerves by 16 weeks of age^[@r26]^. Decreased muscle strength in SDT fatty rats is possibly associated with decreased muscle weight (mass) and diabetic peripheral neuropathy.

This study is the first report of skeletal muscle pathology in SDT fatty rats. SDT fatty rats showed severe metabolic disorders including hyperglycemia and hyperlipidemia at a younger age than other diabetic rat models and was accompanied by decreases in muscle weight, muscle strength, muscle fiber area and a protein synthesis hormone (IGF-1), an increase in IMCL droplets and abnormal mitochondrial morphology. These results suggested that the sarcopenia secondary to impaired glucose/lipid metabolism was observed in the skeletal muscle of the SDT fatty rats. There have been few reports of comprehensive pathophysiological analyses of the skeletal muscle using diabetic rodent models. In conclusion, the SDT fatty rat is considered to be a useful model for analysis of diabetes-related sarcopenia. Details of changes in muscle fiber type proportion, mitochondrial oxidative activity and regenerative potential in skeletal muscle in SDT fatty rats have yet to be investigated. Further investigation of skeletal muscle in the SDT fatty rat is needed.
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